Langmuir circulations in a wind wave tank have been observed and measured by a variety of methods including dye patterns and floating surface tracers. On the basis of measurements of cellular wavelength Xc as a function of surface wavelength Xw and depth H a tentative functional relation for the dependence of Xc/H upon Xw/H is proposed. The experiments clearly imply that the waves play an important role in the mechanism of formation of the Langmuir circulations but that the depth of the layer has a significant modifying influence. On the basis of certain 'rake' experiments and other indirect observations it is proposed that when Xw/H < 1, the primary scale of Langmuir circulations, related to Xw, transfers energy to a larger scale that is commensurate with the depth such that X•/H -• 2. Under these circumstances, two distinct scales of Langmuir circulations may exist simultaneously.
INTRODUCTION
Bands and streaks more or less .parallel to the wind on natural water surfaces have been recognized and reported for many years. In 1927, Langmuir observed that on the open ocean, floating seaweed lined up in rows parallel to the wind direction with spacings of the order of 100 m, the orientation of the bands changing with the wind. In a remarkable series of experiments on Lake George in New York State he subsequently observed the same phenomenon on a smaller scale, and after several years of occasional observations he concluded [Langmuir, 1938] , 'The helical vortices set up by the wind apparently constitute the essential mechanism by which the epilimnion is produced.' There has been little general agreement about the mechanism by which the wind generates the helical rolls and about their relative importance in the oceans. Indeed, it is our experience that many observers or casual readers of the Literature seriously doubt that the circulations described by Langmuir do exist in fact. All agree that there is a surface streakiness, but apparently following the philosophy 'out of sight, out of mind,' many ignore the detailed observations of Woodcock [1944, 1950] In a preliminary paper one of us [Failer, 1969] presented the results of some laboratory experiments in which organized longitudinal rolls were clearly observed beneath wind-generated waves. The simplistic dynamical explanation offered at that time, the 'eddy pressure' concept, is clearly incorrect, for it could be interpreted to mean that simple irrotational waves would produce longitudinal rolls having vorticity, in direct contradiction to well-established dynamical principles. Nevertheless, the results and general conclusions of the experimental observations stand. Some of these conclusions were as follows:
1. The crosswind wavelengths of the longitudinal rolls were related to the water depth. 3. Thermal convection was definitely ruled out as the major cause of the laboratory circulations.
4. Surface film, when it was present, prevented the generation of both wind waves and longitudinal rolls.
We present here more extensive laboratory observations that demonstrate an apparent effect of the wavelength of the wind waves on the crosswind wavelengths of the rolls in addition to the clear effect of the water depth. Although these experiments cannot unequivocally demonstrate that the laboratory phenomena take place by the same mechanism as that occurring in lakes and oceans, a plot of results from natural situations together with laboratory data suggests that they are essentially the same phenomena. The laboratory data, while suggesting certain interesting aspects of the Langmuir circulations, however, do not clearly identify the mechanism by which these circulations are generated.
The laboratory results should be viewed in relation to the presently viable theories for the generation of Langmuir circulations. Two such theories that are based upon the same essential dynamics but which differ in certain important respects are the models of Craik and Leibovich. The first model (CL 1) [Craik and Leibovich, 1976] must keep an open mind with respect to these problems. If the CL I and CL 2 models are incorrect, it seems likely that the error lies somewhere in the treatment of the upper boundary essentially as a flat surface even though finite amplitude waves are present. For example, in the theory, velocities and vorticities are routinely separated into time averages and fluctuating components, but the definition of a time average near the free surface, where a fixed point sometimes lies above the surface and sometimes below the surface, has not been explicitly considered. It may eventually emerge that when a complex nonlinear interaction of the type envisaged in the CL models is treated, a more exact mathematical treatment of finite amplitude waves will be required. Despite these reservations, however, it must be acknowledged that the CL models at present are the most reasonable candidates for the explanation of the dynamics of the Langmuir circulations.
PRINCIPAL EXPERIMENTAL RESULTS
The results of our many observations are presented in To plot the oceanic data, we estimated X•o (in meters) from an empirical relation between wind speed U (in meters per second) and the dominant wavelength in a fully developed sea. Nevertheless, the straight line of Figure 2 , which passes through the centroid of the solid circles and through the origin, is our best estimate from the oceanic data alone of the possible functional relation that may exist. The CL I mechanism, if it is applicable, follows the relation Xc -X•o/2 tan 0. The straight line of Figure 2 has the slope 1.56 and would correspond to 0 = 18 ø, a value that is not unreasonable. A greater slope would correspond to a lesser angle.
The laboratory data and the field data do not significantly overlap, however, and there are at least two lines of reasoning that may explain this fact. First, the laboratory experiments are restricted by a rigid bottom boundary, while in the ocean, The controlled variables in these experiments were the Variac setting V, the fetch F, measured from the downwind edge of the opening in the cover, and the water depth H. The wind speed itself was not directly controlled. The wavelength 
DETERMINATION OF •kw
The measurement and the description of wind-generated waves present rather serious difficulties even under the relatively well controlled conditions of the laboratory. We sought an estimate of the 'dominant wavelength' X•o, defined in some objective manner, as a function of V, H, and F. Figure 7 illustrates a set of three wave patterns as viewed by surface reflections. Attempts to estimate X•o from such patterns proved to be too subjective, however, and we resorted to the use of wave .... •h, profiles along the glass sidewalls ottho tani, in an attempt to be objective. Various methods were tried, but a major difficulty was that for even a simple crossed wave pattern, as in Figure 1 , the location of a longitudinal section (the glass wall) with respect to the pattern is very important and can show quite a few different profiles. In practice, the following procedure was used.
At each of the five glass panels that covered the region of observations of X• (see Figure 3) The pattern of flow from the sum of these two simple cells is shown in Figure 10 . There it is evident that the larger cell dominates the flow even though the smaller-scale component has larger maximum speeds.
The maximum value of u from (7) is 3.3 cm s -x, but this corresponds to the float motion. The maximum value of the cellularly induced u at z -0 would be considerably larger.
SURFACE DYE PATTERNS
Evidence for banded structure near the free surface by the use of dyes is not so easily obtained because of the strong shear and the turbulence that exist there. There are two situations, however, where we have found it to be possible to obtain clear visual evidence of a well-defined surface structure by using •---, .g-:--,--.,, ...... ..... ........... ,.,., ... ,.., .......... ... .......... . ,..**..:.,.... ........ ....,. ........... .,,. • 
RAKE EXPERIMENTS
A number of our experiments have indicated that when small longitudinal rolls are generated in a relatively deep fluid, there is a nonlinear cascade of energy to larger scales. We have supposed that the large cells that will accumulate significant amounts of energy are those that have the approximate ratio Xc/H -• 2. As an experimental test of this concept we have devised a 'rake experiment' in which small-scale longitudinal rolls are generated in the surface layer by a rake of vanes pulled through the water. The significance of these results is that under certain conditions we may well expect more than one scale of motion to contain significant energy, that the larger scale will probably be more evident from Lagrangian tracers and may dominate the vertical exchange of heat and momentum, and that the more obvious scale may not represent the primary driving mechanism.
